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Abstract 27 

Sensory photoreceptors abound in nature and enable organisms to adapt behavior, development, 28 

and physiology to environmental light. In optogenetics, photoreceptors allow spatiotemporally 29 

precise, reversible, and non-invasive control by light of cellular processes. Notwithstanding the 30 
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development of numerous optogenetic circuits, an unmet demand exists for efficient circuits 31 

sensitive to red light, given its superior penetration of biological tissue. Bacteriophytochrome 32 

photoreceptors sense the ratio of red and far-red light to regulate the activity of enzymatic effector 33 

modules. The recombination of bacteriophytochrome photosensor modules with cyclase effectors 34 

underlies photoactivated adenylyl cyclases (PAC) that catalyze the synthesis of the ubiquitous 35 

second messenger 3’, 5’-cyclic adenosine monophosphate (cAMP). Via homologous exchanges of 36 

the photosensor unit, we devised novel PACs, with the variant DmPAC exhibiting 40-fold activation 37 

of cyclase activity under red light, thus surpassing previous red-light-responsive PACs. Modifications 38 

of the PHY tongue modulated the responses to red and far-red light. Exchanges of the cyclase 39 

effector offer an avenue to further enhancing PACs but require optimization of the linker to the 40 

photosensor. DmPAC and a derivative for 3’, 5’-cyclic guanosine monophosphate allow the 41 

manipulation of cyclic-nucleotide-dependent processes in mammalian cells by red light. Taken 42 

together, we advance the optogenetic control of second-messenger signaling and provide insight 43 

into the signaling and design of bacteriophytochrome receptors. 44 
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Introduction 56 

Sensory photoreceptor proteins enable organisms to sense light and, thereby, confer a sense of 57 

where and when. Physiological adaptations elicited by photoreceptors in response to photon 58 

absorption are generally reversible and precisely defined in space and time. Sensory photoreceptors 59 

group into several classes that are sensitive to different light bands within the near-UV to near-60 

infrared (NIR) portion of the electromagnetic spectrum [1]. Originally identified in land plants [2] as 61 

ratiometric receptors of red (ca. 600-700 nm) and far-red, i.e., NIR, light (ca. 700-800 nm) [3], 62 

phytochromes (Phys) mediate vital processes, including photomorphogenesis and shade avoidance 63 

[4–6]. Informed by sequence homology, Phys were also discovered in bacteria where they control 64 

photoacclimation, photomorphogenesis, and virulence, among other processes [7–10]. Phys 65 

generally possess bipartite architecture with an N-terminal photosensory core module (PCM), 66 

comprising PAS (Per-ARNT-Sim [11]), GAF (cGMP-specific phosphodiesterases, adenylyl cyclases and 67 

FhlA [12]), and PHY domains [13–15], and a C-terminal output, or, effector, module (OPM), 68 

responsible for triggering downstream physiological responses. Sensitivity to red and NIR light is 69 

provided by bilin, i.e., linear tetrapyrrole, chromophores covalently attached to the PCM and 70 

nestling within its GAF entity. Conventional Phys adopt in darkness their red-light-absorbing Pr state 71 

with the bilin in the 15Z configuration of its C15=C16 double bond. Red light drives the conversion 72 

to the Pfr state that is sensitive to far-red light and is characterized by a 15E-configured bilin. The 73 

return to the dark-adapted Pr state either occurs passively in a slow thermal reaction or actively 74 

driven by far-red light. Bathyphytochromes differ from conventional Phys by assuming the Pfr form 75 

as their thermodynamically most stable state in darkness. Bilin Z/E isomerization couples to the 76 

OPM via a protrusion of the PHY domain, referred to as the PHY tongue, that undergoes a 77 

photoreversible transition between β-hairpin and α-helical conformations in the Pr and Pfr states, 78 

respectively [16–18]. The switch to the α-helical state engenders a compaction of the PHY tongue 79 

and, thereby, induces tertiary and quaternary structural changes that relay to the OPM [17,19]. 80 

 Beyond natural photoreception, sensory photoreceptors also take center stage in 81 

optogenetics by serving as genetically encoded actuators for the control by light of cellular 82 

physiology, state, and processes [20–23]. Whereas plant Phys rely on light-dependent protein-83 

protein interactions [5,24,25], bacterial Phys (BphP) achieve downstream responses by regulating 84 

the biological activity, mostly enzymatic, of covalently attached OPMs [22]. As exemplified by the 85 

thoroughly studied BphP from Deinococcus radiodurans (DrBphP) [26], BphPs often harbor sensor 86 

histidine kinases as effectors that, together with cognate response regulators, form two-component 87 
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systems (TCS) [19,27]. Dependent on light, the sensor kinase catalyzes both the phosphorylation 88 

and dephosphorylation of the response regulator, and thus initiates downstream responses [19,28–89 

30]. While light-sensitive TCSs are of immediate optogenetic utility [31–33] and support innovative 90 

use cases in bacterial biotechnology and synthetic biology [34], the DrPCM can also be harnessed 91 

for regulating by red and far-red light disparate effector modules and physiological responses 92 

[22,35–37]. Such approaches are particularly pertinent for nucleotidyl cyclases [36,38,39] and 93 

phosphodiesterases (PDE) [35,40], arguably because these enzymes often occur naturally in 94 

conjunction with GAF regulatory modules [41]. By optogenetically regulating the making and 95 

breaking of cyclic mononucleotides, diverse processes reliant on these second messengers can be 96 

controlled across prokaryotes and eukaryotes [42]. Notably, BphP-coupled nucleotidyl cyclases and 97 

PDEs employ biliverdin as the chromophore which accrues in mammalian cells as a heme 98 

degradation product, thus allowing optogenetic deployment without exogenous chromophore 99 

addition as would be required for plant Phys [35,40,43]. Compared to other photoactivated adenylyl 100 

cyclases (PAC) that also produce 3’, 5’-cyclic adenosine monophosphate (cAMP) [44–48], PACs 101 

based on BphP PCMs offer the advantage of sensitivity to red/NIR light which penetrates biological 102 

tissue more readily than visible light of shorter wavelengths [49]. However, the BphP-coupled PACs 103 

to date exhibit moderate dynamic ranges of photoactivation on the order of 10-fold or less [36,38,39] 104 

which pale in comparison to the up to several hundred-fold activity increase evidenced in the 105 

bacterial bPAC from Beggiatoa sp. under blue light [46,47]. For instance, the pioneering IlaC, 106 

engineered by connecting the Rhodobacter sphaeroides BphG1 PCM and the Nostoc sp. CyaB1 107 

catalytic domain, exhibited a 6-fold acceleration of cAMP synthesis under red light compared to 108 

darkness [36]. Likewise, the recombination of the DrPCM and the effector module of Synechocystis 109 

sp. PCC6803 Cya2 gave rise to PaaC which catalyzed cAMP formation around 4-fold more efficiently 110 

in red light than in darkness [38]. By replacing the DrPCM in PaaC for the PCM from Deinococcus 111 

deserti BphP (DdPCM), we generated DdPAC with around 7-fold elevated adenylyl-cyclase activity 112 

under red light [39]. 113 

 Against this backdrop, we here explored the modular construction of BphP-coupled adenylyl 114 

cyclases to obtain derivative and improved PACs. The variant DmPAC, based on the PCM of the 115 

Deinococcus maricopensis BphP (DmBphP), exhibited up to about 40-fold elevated cyclase activity 116 

under red light compared to far-red light or darkness, thus surpassing previous red-light-sensitive 117 

PACs. The PHY tongue proved key in governing the type and extent of the light response. Grafting 118 

the tongue of the DmBphP onto other BphP-cyclases altered their responses to red and far-red light. 119 

Additional PAC variants can be obtained via exchange of the cyclase entity but require the 120 
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adjustment of the linker connecting the light-sensitive photosensor and catalytically active effector 121 

modules. Taken together, the present work informs the engineering of BphP-coupled enzymes. 122 

DmPAC enables the optogenetic manipulation of cyclic-mononucleotide-dependent processes in 123 

the red and NIR spectral range. 124 

 125 

Results 126 

Modular Design of Photoactivated Adenylyl Cyclases 127 

Earlier studies pinpointed PCM exchanges as a viable route towards altering and improving the traits 128 

of BphP-coupled enzymes [39,40,50,51]. As noted above, replacing the DrPCM in PaaC [38] by the 129 

DdPCM [39] yielded DdPAC which exhibited a moderately higher dynamic range of light activation. 130 

Moreover, DdPAC was not activated by NIR light around 850 nm which contrasts with the partial 131 

activation seen for PaaC [39]. Given these findings, we expanded our previous studies and assessed 132 

a much larger BphP PCM repertoire for their capability of regulating Cya2 and, prospectively, other 133 

nucleotidyl cyclases. A sequence alignment between PaaC, DdPAC, and the PCMs from 19 additional 134 

BphPs guided the modular design of BphP-PACs (Suppl. Fig. S1). Notably, the Cya2 domain of these 135 

PACs bore the exchange of glutamate 488 to lysine which reprograms the cyclase product specificity 136 

from 3’, 5’-cyclic guanosine monophosphate (cGMP) to cAMP [52]. 137 

 To expedite functional screening and characterization, the PACs were constructed and 138 

tested in the pCyclR setup which comprises two plasmids [39] (Fig. 1a). The first plasmid drives the 139 

expression of a given BphP-PAC from a lactose-inducible T7-lacO promoter. An additional T7-lacO 140 

cassette included on the same plasmid encodes a heme oxygenase responsible for supplying the 141 

biliverdin chromophore. A second plasmid, denoted pCyclR, harbors a DsRed Express2 red-142 

fluorescent reporter under the control of the weak lac promoter. Both plasmids were transformed 143 

into the Escherichia coli CmpX13 ΔcyaA strain which features a knockout of the endogenous CyaA 144 

adenylyl cyclase [39]. Functional PAC expression ramps up the intracellular cAMP levels, thus 145 

activates the endogenous catabolite-activator protein (CAP), and in turn induces the expression of 146 

the DsRed reporter from the lac promoter. The reporter fluorescence thereby provides an indirect 147 

readout of intracellular cAMP concentrations and cyclase activity. 148 

 CmpX13 ΔcyaA cells harboring the pCyclR plasmid and a pCDF expression vector encoding a 149 

given BphP-PAC were plated on solid medium containing 1 mM isopropyl-β-D-150 

thiogalactopyranoside, followed by incubation at 37°C for 20 h in darkness, under red light [(660 ± 151 
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8) nm, 40 µW cm-2], or under far-red light [(810 ± 15) nm, 240 µW cm-2]. After incubation, the DsRed 152 

fluorescence was measured and normalized by bacterial count. The readings were further 153 

normalized to that obtained for PaaC under red light which was assigned a value of 1 arbitrary unit 154 

(a.u.) (Fig. 1b). In darkness, the reporter fluorescence for PaaC was around 8.9-fold lower than under 155 

red light. As in our earlier characterization of PaaC, far-red light incurred a fluorescence increase by 156 

5.2-fold relative to darkness. The initially surprising partial activation by far-red light can be 157 

rationalized by the emission spectrum of the NIR light-emitting diode (LED) used for illumination [53] 158 

(Fig. 1c). Although the emission peaked at 810 nm, its short-wavelength tail overlapped with the 159 

BphP Pr absorbance spectrum, thus principally accounting for the partial activation of PaaC. The 160 

previously characterized DdPAC exhibited 8.4-fold higher reporter fluorescence under red light than 161 

in darkness. Far-red light also led to partial activation of DdPAC with around 3-fold higher 162 

fluorescence than in darkness. By contrast, our earlier studies detected no DdPAC activation by NIR 163 

light, albeit when using an 850-nm instead of an 810-nm LED [39]. We also tested the response of a 164 

PAC variant to several LEDs emitting in the NIR range (Suppl. Fig. S2). Most of these LEDs triggered 165 

a slight increase in pCyclR fluorescence, consistent with their emission spectra extending to shorter 166 

wavelengths around 700 to 730 nm. 167 

 The PAC variants based on the 19 other PCMs fell into three categories based on their 168 

reporter activity and light responses (Fig. 1b). First, several variants, e.g., IsPAC or AcPAC based on 169 

the Idiomarina sp. and Acaryochloris sp. PCMs, respectively, displayed little reporter fluorescence 170 

regardless of illumination. Although the precise molecular origins remain unclear, the absence of 171 

reporter activity could principally owe to protein misfolding, insufficient chromophore 172 

incorporation, or disrupted catalytic activity. Given the lack of detectable light responses in the 173 

pCyclR setup, these variants were not pursued any further. Second, another category showed 174 

properties similar to PaaC and DdPAC in that red light prompted increased reporter fluorescence 175 

and far-red light induced partial activation. Among the pertinent variants, DmPAC, based on the 176 

PCM from D. maricopensis, showed the strongest fluorescence increase under red light of around 177 

12.2-fold relative to darkness, while only exhibiting comparatively weak 1.8-fold activation by far-178 

red light. Although the pCyclR platform merely provides indirect information on the molar adenylyl-179 

cyclase activity and its dependence on light, we hypothesized that DmPAC might prove superior to 180 

PaaC and DdPAC. The third and largest category of PAC variants, exemplified by those based on the 181 

P. aeruginosa BphP (PaBphP) and the Agrobacterium fabrum BphPs P1 (Agp1) and P2 (Agp2), were 182 

activated by red and far-red light to nearly the same extent. We note that several PCMs within this 183 

category were previously identified as bathyphytochromes with a Pfr dark-adapted state, for 184 
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instance PaBphP [54] and Agp2 [55]. However, there is no strict correlation as Agp1 is a conventional 185 

phytochrome that assumes the Pr state in darkness [56]. 186 

 187 

The PHY Tongue Governs the Light Responsiveness 188 

We next assessed the different traits evident among certain PACs in more detail. Specifically, PaaC, 189 

based on the DrPCM, and DmPAC exhibited markedly different responses to far-red light despite 190 

47% sequence identity between their PCMs (Suppl. Fig. S1). Previous research on BphP PCMs 191 

coupled to GGDEF effectors [51], i.e., diguanylate cyclases, revealed that the PHY tongue can govern 192 

receptor activity and the extent of light regulation. The pivotal role of the PHY tongue is tied to its 193 

conformational β→α transition upon Pr→Pfr photoconversion. As revealed by three-dimensional 194 

structures of the DrPCM [17,57] (Fig. 2a, b), the change from the Pr to the Pfr form entails a 195 

shortening of the tongue that, in turn, promotes the swiveling apart of the PHY domains. We thus 196 

reasoned that PHY tongue length may contribute to the light response in both natural and 197 

engineered BphP receptors. A survey of around 13,900 proteins comprising PHY domains (Pfam [41] 198 

family PF00360) revealed that the tongue varies in length by up to around ten residues (Fig. 2c), 199 

with essentially all of the variation restricted to the leading part N-terminal of the conserved PRXSF 200 

motif. Notably, the DrPCM tongue is shorter by two to eight residues than those of the other 20 201 

PCMs investigated at present (Fig. 2d). Across the PHY-containing proteins (Fig. 2c), this places the 202 

DrPCM within the bottom 3.9% of all tongue lengths. 203 

 To probe its role in light-dependent signal transduction, we replaced the PHY tongue in PaaC 204 

by that from DmPAC (Fig. 3a). Within the pCyclR setup, the resulting variant DmYt-PaaC resembled 205 

PaaC in that red light (660 nm, 40 µW cm-2 intensity) elevated cyclase activity. However, in marked 206 

contrast to PaaC, far-red light (810 nm, 240 µW cm-2) hardly did. The converse introduction of the 207 

PaaC tongue (originating from the DrBphP) into DmPAC had little effect on the responses to red and 208 

far-red light (DrYt-DmPAC). Guided by the PCM multiple sequence alignment, we next assessed 209 

more limited tongue modifications in PaaC. Introduction of a DP dipeptide at the tongue N terminus 210 

attenuated the response to far-red light as in DmPAC (see Fig. 3a, PaaC-DP), whereas insertion of a 211 

GTAR tetrapeptide directly before the PRXSF motif did not (PaaC-GTAR). 212 

 Prompted by these findings, we also grafted the Dm tongue onto Agp1PAC, Agp2PAC, HsPAC, 213 

JsPAC, PaPAC, and SaPAC (Fig. 3b-d, Suppl. Fig. S3), which are based on the BphPs from A. fabrum 214 

P1 and P2, Hymenobacter swuensis, Janthinobacter sp., P. aeruginosa, and Stigmatella aurantiaca, 215 
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respectively (see Fig. 1b and Suppl. Fig. S1) [40]. In the following, we refer to the resulting tongue-216 

substituted variants as DmYt-Agp1PAC, DmYt-Agp2PAC, DmYt-HsPAC, DmYt-JsPAC, DmYt-PaPAC, 217 

and DmYt-SaPAC. When tested in the pCyclR assay, these variants showed light responses overall 218 

similar to those in the parental PACs (Fig. 3b-d, Suppl. Fig. S3). In certain PACs, e.g., DmYt-Agp1PAC, 219 

DmYt-JsPAC, and DmYt-SaPAC, the tongue exchange lowered the basal cyclase activity in darkness. 220 

Under red light, the activity increased to similar values as in the parental PACs, except for DmYt-221 

Agp2PAC where it was lower. Interestingly, the sensitivity of the tongue-exchanged variants to far-222 

red light (810 nm) at 240 µW cm-2 intensity was essentially unaltered from that in the parental PACs, 223 

which contrasts with PaaC where the introduction of the Dm tongue entailed a reduced response 224 

to far-red light under these conditions. We hypothesized that the divergent properties might reflect 225 

different far-red light sensitivities in the tongue-exchanged PACs and next assessed their response 226 

to increased light intensities between 240 and 2,000 µW cm-2. Indeed, elevated levels of far-red light 227 

successively reduced cyclase activity in five out of the six tongue-exchanged PACs (Agp1PAC, HsPAC, 228 

JsPAC, PaPAC, and SaPAC). Solely, the variant derived from Agp2-PAC proved largely insensitive to 229 

increasing far-red light. To assess to which degrees these responses can be attributed to the PCMs 230 

or the replaced tongue, we next recorded the response of the parental PACs with their original PHY 231 

tongues to higher far-red-light levels (Fig. 3 and Suppl. Fig. S3) than used initially (see Fig. 1b). In 232 

marked contrast to the tongue-replaced variants, these PACs predominantly lacked clear-cut cyclase 233 

reduction at higher far-red-light doses. Solely, Agp2-PAC exhibited a pronounced activity decrease 234 

under intense far-red light. Apart from this exception, the Dm tongue thus rendered the light-235 

induced Pfr→Pr reversion more efficient. 236 

 237 

Analysis of Enhanced Photoactivated Adenylyl Cyclases 238 

Based on the above data, we selected DmPAC and PaPAC for heterologous expression in E. coli, 239 

purification, and further analyses. UV-vis absorbance spectroscopy pinpointed DmPAC as a 240 

conventional phytochrome that assumes its Pr state in darkness (Fig. 4a). Upon exposure to red light, 241 

DmPAC converted to a 0.25:0.75 Pr:Pfr photostationary mixture (Suppl. Fig. S4), and illumination 242 

with far-red light prompted the complete reversion to the Pr state. When kept in darkness after 243 

exposure to red light, DmPAC slowly recovered to its Pr state with a time constant of around (5,850 244 

± 60) s at 22°C (Fig. 4b). While the spectroscopic data are largely in line with the pCyclR results on 245 

DmPAC (see Fig. 1b), it is worth noting that far-red light prompted a small increase in cyclase activity 246 

compared to darkness, whereas the absorbance spectra of DmPAC in darkness and under far-red 247 
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light closely matched and revealed almost complete population of the Pr state. These findings can 248 

be rationalized by the partial absorption of the far-red LED emission by the Pr state of DmPAC (see 249 

Fig. 1c). At photostationary state under prolonged far-red illumination, at any given time a small 250 

fraction of the DmPAC molecules is converted to the Pfr state, thereby accounting for the slightly 251 

elevated adenylyl cyclase readout. Given the much better overlap between the far-red LED emission 252 

and the Pfr absorbance spectra, receptor molecules in the Pfr state are, however, rapidly returned 253 

to Pr, and the observable absorbance spectrum at photostationary state essentially corresponds to 254 

that of the pure Pr state. 255 

 By contrast, PaPAC assumed its Pfr state in darkness, thus rendering it a bathyphytochrome 256 

like the parental PaBphP (Fig. 4c). Illumination with 810-nm light led to a near-complete population 257 

of the Pr state, out of which PaPAC thermally recovered to its Pfr dark-adapted state within around 258 

(287 ± 4) s (Fig. 4d). Exposure to red light gave rise to a 0.62:0.38 Pr:Pfr photostationary mixture 259 

(Suppl. Fig. S4), from which PaPAC recovered to the Pfr state with essentially the same kinetics as 260 

from the Pr state. The correlation with the pCyclR data suggests that in PaPAC the Pfr state is 261 

associated with the higher specific cyclase activity, whereas in DmPAC the Pr state is more active. 262 

Moreover, the absorbance spectra of PaPAC account for the observed activation of adenylyl cyclase 263 

activity by either red or far-red light, as observed in the pCyclR assay. The exposure to both red and 264 

far-red light drives the conversion of the Pfr to the Pr state, albeit to different extent. We also 265 

examined the DmYt-PaPAC variant which differs from PaPAC only in the sequence of its PHY tongue 266 

(Fig. 4e). Intriguingly, the tongue exchange sufficed for transforming this PAC into a conventional 267 

phytochrome with a Pr dark-adapted state. Red light drove conversion to a 0.51:0.49 Pr:Pfr mixture 268 

(Suppl. Fig. S4), and the subsequent dark recovery to the Pr state occurred with very slow kinetics 269 

over several hours (Fig. 4f). In addition to determining the nature of the dark-adapted state, the 270 

tongue evidently also governs the reversion kinetics to that state after photoactivation. 271 

 Next, we assessed the specific enzymatic activities of DmPAC in darkness, red light, and far-272 

red light. To this end, we incubated the PAC at different lighting conditions in the presence of excess 273 

substrate ATP. At certain time points, aliquots were drawn, rapidly arrested by heat denaturation, 274 

and analyzed by reversed-phase high-performance liquid chromatography (HPLC) (Fig. 5). The 275 

amounts of ATP and the reaction product cAMP were calculated based on absorbance 276 

measurements and comparison to standards. A linear fit to the reaction time course allowed the 277 

determination of specific enzymatic activities. Whereas in darkness the basal adenylyl cyclase 278 

activity was (3.9 ± 0.2) × 10-3 nmol cAMP (mg DmPAC × min)-1, it increased by around 42-fold to (1.66 279 
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± 0.1) × 10-1 nmol cAMP (mg DmPAC × min)-1 in red light. Under far-red light, the activity amounted 280 

to (5.5 ± 0.1) × 10-3 nmol cAMP (mg DmPAC × min)-1 which is 1.4-fold higher than in darkness but 281 

30-fold lower than in red light. To facilitate the comparison to previously reported PACs, we 282 

converted the specific enzymatic activities to molar activities, while implicitly assuming a fully active 283 

PAC preparation containing no inactive or misfolded protein. Doing so yielded apparent molar 284 

activities of (3.6 ± 0.2) × 10-4 mol cAMP (mol DmPAC × min)-1 in darkness, (1.5 ± 0.1) × 10-2 mol cAMP 285 

(mol DmPAC × min)-1 in red light, and (5.1 ± 0.1) × 10-4 mol cAMP (mol DmPAC × min)-1 under far-286 

red light. By contrast, DdPAC had shown apparent molar adenylyl cyclase activities of 8.8 × 10-3 mol 287 

cAMP (mol DdPAC × min)-1 and 6.1 × 10-2 mol cAMP (mol DdPAC × min)-1 in darkness and under red 288 

light, respectively, corresponding to a 7-fold difference [39]. Hence, DmPAC exhibits a much better 289 

dynamic range of light regulation than DdPAC, owing to its low basal activity in darkness. For 290 

comparison, the blue-light-responsive bPAC, the PAC most widely used in optogenetics, had 291 

apparent molar activities of 1.3 × 10-3 mol cAMP (mol bPAC × min)-1 in darkness and 4.0 × 10-1 mol 292 

cAMP (mol bPAC × min)-1 in blue light, i.e., a 300-fold difference, as probed by HPLC [47]. cPAC, a 293 

naturally occurring PAC with a cyanobacteriochrome photosensor unit, exhibited apparent molar 294 

activities of 0.29 mol cAMP (mol cPAC × min)-1 in its dark-adapted Pb state and 0.86 mol cAMP (mol 295 

cPAC × min)-1 in the Pg state populated upon blue-light absorption. 296 

 297 

Control of Nucleotidyl Cyclase Activity in Mammalian Cells 298 

To gauge the application scope in mammalian cells, we transfected DmPAC into HEK-TM cells which 299 

stably express the cyclic-nucleotide gated (CNG) ion channel CNGA2-TM that opens upon binding 300 

cAMP and conducts cations [58]. To monitor adenylyl cyclase activity, the cells were loaded with the 301 

calcium-sensitive fluorophore FluoForte-AM. Intracellular cAMP production in the HEK-TM cells 302 

would hence prompt channel opening, influx of Ca2+ ions from the exterior, and elevated 303 

fluorescence. The PAC-transfected cells were incubated at 37°C in darkness, and FluoForte-AM 304 

fluorescence was monitored over time. The cells were exposed to red-light pulses (670 nm, 40 µW 305 

cm-2) of different duration (1 or 10 s) at certain times, while continuously recording fluorescence 306 

(Fig. 6a). At the end of the experiment, the addition of ionomycin evoked a rapid Ca2+ influx and 307 

served to normalize the fluorescence signal. Cells transfected with DmPAC reacted to red-light 308 

exposure with an increase in fluorescence, indicative of intracellular cAMP production and ion-309 

channel opening. By contrast, non-transfected control cells showed no light responses. Notably, no 310 

biliverdin was added during these experiments, indicating that this chromophore was present in the 311 
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cells as a heme catabolism intermediate and that the PAC autonomously incorporated it. These data 312 

hence demonstrate that DmPAC applies to the optogenetic control of cAMP levels and downstream 313 

processes in mammalian cells. 314 

 Signaling pathways dependent on cGMP are involved in many cellular processes but also in 315 

diseases [59–62]. To furnish an optogenetic tool for manipulating intracellular cGMP levels, we next 316 

restored the glutamate residue at position 488 in the Cya2 moiety of DmPAC to revert the cyclase 317 

product specificity from cAMP to cGMP [52]. We examined the activity of the resultant 318 

photoactivated guanylyl cyclase, denoted DmPGC, in HEK cells using the luminescence-based 319 

Glosensor assay, which banks on a genetically modified, cGMP-dependent firefly luciferase. HEK293 320 

cells were co-transfected with DmPGC and the cGMP biosensor (Fig. 6b). After overnight incubation 321 

of the transfected cells at 37°C in darkness, luciferin was added, and luminescence was monitored 322 

over time. When exposed to a 10-s red-light pulse (633 nm), the cells responded with a 323 

luminescence increase, indicative of photoactivated cGMP formation. The luminescence signal 324 

increased continuously until it reached a plateau after 10 min. Near-complete recovery to the 325 

baseline luminescence was observed within 90 minutes without additional illumination (measured 326 

at 29°C). By contrast, no effect was seen if the cells were kept in darkness nor when DmPGC was 327 

combined with a cAMP-specific sensor. 328 

 329 

Functional Exchange of the Cyclase Effector Necessitated Linker Adjustments 330 

Having identified the DmPCM as particularly adept at regulating nucleotidyl cyclase activity, we 331 

wondered whether it could also subject the activity of homologous cyclase effectors to control by 332 

red and far-red light. If so, this would pave the way towards the modular construction of yet 333 

additional PACs, potentially including specimens with enhanced activity and light responses. 334 

Informed by a multiple sequence alignment (Suppl. Fig. S5), we designed fusions between the 335 

DmPCM and the effector domains of the adenylyl cyclases Nostoc sp. PCC 7120 CyaB1 and 336 

Synechocystis sp. PCC 6803 CyaA1. Notably, for the construction of the resultant receptors 337 

Dm(CyaB1) and Dm(CyaA1), we employed the same sequence register as in DmPAC and PaaC [38]. 338 

That notwithstanding, the PAC variants initially showed low reporter activity and no or at most small 339 

light responses, when tested in the pCyclR assay. Merely, Dm(CyaA1) exhibited a twofold signal 340 

increase under red light compared to darkness. 341 
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 Reasoning that the lack of clear-cut light responses could be due to poor thermodynamic 342 

coupling between the PCM and cyclase effector entities, we resorted to the PATCHY method [63] to 343 

systematically probe the length and sequence of the linker intervening the PCM and effector. Via 344 

suitable oligonucleotide primers and PCR amplification, we thus generated PATCHY libraries 345 

comprising PAC variants with linkers extended by up to twenty residues or shortened by up to 346 

twenty residues compared to the parental variant. The libraries were screened within the pCyclR 347 

assay under red light, and variants exhibiting elevated reporter fluorescence were selected for 348 

further analysis. In this manner, we identified a Dm(CyaB1) variant, denoted DmCB1, with a linker 349 

shorter by four residues relative to the parental variant that showed a 16-fold activity increase under 350 

red light relative to darkness (Fig. 7). Similarly, certain Dm(CyaA1) variants with shortened linkers 351 

possessed red-light responses surpassing those of the parental constructs with the original linker 352 

composition. We further isolated a Dm(CyaB1) variant, termed DmCB2, with a linker five residues 353 

longer than the parental variant and an inverted signal response, in that red light elicited a twofold 354 

reduction of activity compared to darkness, rather than an increase. 355 

 356 

Discussion 357 

Design of Bacteriophytochrome Enzymes 358 

Leveraging the inherent modularity of bacteriophytochromes, we generated variants of red-light-359 

regulated nucleotidyl cyclases by exchanging their constituent photosensor modules. The overall 360 

ready success of this design strategy (see Fig. 1b) suggests considerable mechanistic compatibility 361 

and hence interchangeability among BphP PCMs, as also observed previously [35,36,38–362 

40,50,64,64]. Notably, the properties and degree of regulation varied across the light-responsive 363 

cyclase variants. Capitalizing on this variation, we identified DmPAC which exhibits superior dynamic 364 

range of light regulation in enzymatic assays compared to previous BphP-coupled PACs (see Fig. 5). 365 

The modular exchange of photosensor modules therefore constitutes a viable engineering strategy 366 

towards derivatizing and potentially improving BphP-regulated enzymes and signal receptors in 367 

general. 368 

 The relative ease of creating derivative PACs with pronounced light responses starkly 369 

contrasts with the modular PCM exchange in BphP-regulated cyclic nucleotidyl phosphodiesterases 370 

(PDE) which proved demanding [40]. Any replacement of the DrPCM, which underpins the original 371 

light-regulated PDE [35], abolished light responses [40], including for several of the same PCMs that 372 

supported robust light responses in the PACs at present. While the molecular reasons remain elusive, 373 
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the divergent findings in the PAC and PDE contexts may be rooted in initially inefficient coupling 374 

between the PCM photosensor and the PDE effector. Limited modifications at the PCM-effector 375 

junction installed light responses into otherwise light-inert PDEs [40]. In a similar vein, the modular 376 

exchange of the cyclase effector module presently resulted in absent or exceedingly poor light 377 

responses at first (see Fig. 7). Subsequent variations of the length and sequence of the linker 378 

conjoining the PCM and effector moieties led to enhanced cyclase activity and light responsiveness. 379 

The pronounced dependency on the linker properties can be explained by the structure of said linker 380 

which likely forms a continuous α helix and assembles into a coiled coil within the homodimeric 381 

receptor [19]. Similar linker variations were applied previously to the mechanistic characterization 382 

and optimization of bacteriophytochromes and other homodimeric sensory photoreceptors 383 

[29,35,36,38,63–65]. For instance, multiple IlaC variants were generated with linkers between their 384 

PCMs and adenylyl cyclase effectors extended in one-residue increments [36]. Several variants with 385 

linkers differing by ± 3 or 4 residues exhibited light-dependent adenylyl cyclase activity, consistent 386 

with a continuous α-helical structure of the linker and evidence in other engineered photoreceptors 387 

[29,35]. In a similar vein, the engineering of the derivative PACs IlaD and IlaM also involved the 388 

testing and optimization of α-helical linkers [66]. Closely related findings were obtained en route to 389 

the engineering of PagC (and its derivative PaaC) [38]. In particular, cyclase variants differing by 7 390 

residues in their linker length exhibited alike light responses; by contrast, removal of a single residue 391 

from the linker sufficed for inverting the effect of light on cyclase activity. The crystal structure of 392 

PagC rationalized these findings in that it revealed a coiled-coil conformation of the linker within 393 

the homodimeric receptor, similar to findings for sensor histidine kinases [19,63,67,68]. A coiled-394 

coil linker is also central to signal transduction in the BphP-GGDEF receptor IsPadC [64,65]. Red light 395 

is presumed to promote a transition between two registers within the coiled coil that give rise to 396 

differential activity of the GGDEF effector moiety. Appropriate linker length also proved decisive in 397 

the optogenetic control of receptor tyrosine kinases by the DrPCM [37,69,70]. Modifications of the 398 

length and sequence of the linker intervening PCM and kinase strongly governed receptor activity 399 

and response to light. Finally, the crucial role of the linker connecting sensor and effector is further 400 

underlined by the marked preference for discrete linker lengths in several families of signal 401 

receptors in nature [11,71,72]. In summary, deliberate modifications of the photosensor-effector 402 

linker thus provide an efficient means of derivatizing and improving photoreceptor traits. As not 403 

least indicated by the present study, the systematic probing of linker traits unfolds its full potential 404 

if an efficient means of testing pertinent variants is at hand (see Fig. 1a, b). 405 

 406 
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Responses to Red and Far-red Light 407 

Several of the light-responsive PAC variants generated and analyzed here not only reacted to red 408 

but also to far-red light around 810 nm (see Fig. 1c). Although this trait is to be expected for 409 

bathyphytochromes with a Pfr resting state, several of these PACs are based on PCMs described 410 

previously as conventional phytochromes with a Pr resting state. Moreover, we confirmed 411 

spectroscopically that DmPAC assumes its Pr state both in darkness and when exposed to 810-nm 412 

light (see Fig. 4a). These observations seem in conflict to the pCyclR activity measurements which 413 

revealed activation, albeit weak, of cyclase activity in DmPAC under far-red light. As noted above, 414 

the data can be reconciled by partial activation of the Pr→Pfr conversion by 810-nm light. This 415 

activation owes to the short-wavelength tail of the LED light source that partially overlaps with the 416 

Pr absorbance spectrum (see Fig. 1c). Although the reverse Pfr→Pr transition is driven much more 417 

readily by far-red lightthe 810-nm LED than that from Pr to Pfr, at photostationary state a small 418 

fraction of the PAC molecules sample the Pfr state. This would account for the slight uptick in cyclase 419 

activity under 810-nm light. At the same time, the bulk of the molecules are in their Pr state as 420 

confirmed by absorbance spectroscopy. This model could potentially also account for the observed 421 

cyclase activity decrease at yet high higher 810-nm light levels (see Fig. 3). In this regime, both the 422 

Pr→Pfr and Pfr→Pr transitions could be sped up to the extent that the dwell time of the PAC in the 423 

Pfr state does not suffice for the elevated adenylyl cyclase activity to manifest. 424 

 Although it is unclear to what extent these aspects generally apply to BphP receptors, they 425 

might partially account for the sluggish and often incomplete activity reversion under far-red light 426 

after prior red-light exposure evidenced in several studies [35,39,40,73]. In an ideal scenario, the 427 

far-red light source employed for Pfr→Pr reversion should be configured to not trigger Pr→Pfr 428 

photoconversion at all. However, given the spectral overlap of the Pr and Pfr absorbance bands and 429 

the often-substantial width of the emission spectra of common light sources, this constellation may 430 

be hard to achieve. Therefore, and somewhat counterintuitively, partial activation of a BphP-based 431 

optogenetic circuit by far-red light cannot be ruled out upfront in optogenetic applications, and 432 

researchers should be mindful of such effects. 433 

 Importantly, our present data revealed differences among the BphP PCMs in their responses 434 

to light, specifically that in the far-red spectral range. These variations indicate a possible remedy 435 

for the inadvertent and usually undesired activation of BphP-based optogenetic implements by far-436 

red light. Short of substituting the entire PCM (see Fig. 1b), more limited modifications to the 437 

receptor may suffice, for example within the PHY tongue (see Fig. 3). Commensurate with its 438 
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eminent role as a conduit between bilin isomerization and downstream conformational transitions 439 

[18], we pinpointed the PHY tongue as instrumental in governing light responses which concurs with 440 

insight on BphP-GGDEF receptors [51]. Introducing the PHY tongue of the DmPCM (DmYt) into other 441 

PCMs led to enhanced downregulation of cyclase activity at elevated far-red light intensities. Put 442 

another way, the DmYt appeared to facilitate the light-driven return of the receptor to its low-443 

activity Pr basal state. The pivotal role of the tongue is further underlined by the changes in 444 

photochemical properties evidenced in certain PACs upon introduction of the DmYt. Strikingly, the 445 

replacement of the PHY tongue of PaPAC by the DmYt, corresponding to a change of less than a 446 

tenth of the residues in the receptor, reprogrammed this bathyphytochrome into a conventional 447 

Phy. 448 

 449 

Photoactivated Nucleotidyl Cyclases as Optogenetic Implements 450 

Through the construction and analyses of numerous PAC candidates containing different PCMs, we 451 

identified DmPAC as an adenylyl cyclase with stringent regulation by red light. Given its pronounced 452 

regulatory response, DmPAC may supersede DdPAC [39] and other BphP-based adenylyl cyclases. 453 

We show DmPAC to be suited for applications in mammalian cells to modulate cyclic 454 

mononucleotide levels and downstream responses. Importantly and consistent with earlier findings 455 

on BphP receptors [35,43], light responses could be evoked in the absence of biliverdin addition. In 456 

contrast to the more reduced bilin chromophores harnessed by plant Phys [22], biliverdin is 457 

apparently available in mammalian cells, exogenous chromophore addition is thus obviated, and full 458 

genetic encoding of BphP-based optogenetic tools is enabled [35,43]. The mutation of a single 459 

residue within the cyclase domain of DmPAC yielded the guanylyl cyclase DmPGC which produced 460 

cGMP rather than cAMP upon red-light exposure, thereby expanding the scope for applications in 461 

optogenetics. So far, we have deployed DmPAC and DmPGC only in cell culture but not in living 462 

animals. We caution that pertinent in-vivo applications may place additional demands on 463 

photoactivated nucleotidyl cyclases (and, in fact, other optogenetic tools as well), as aptly 464 

demonstrated by Gomelsky and colleagues [66]. Beyond stringent light responses, the optogenetic 465 

tool in question must also exhibit good expression and sufficient activity in animal hosts. 466 

 As the most widely used PAC, the blue-light-sensitive bPAC has higher molar activity than 467 

DmPAC and an exquisite dynamic range of light regulation on the order of several hundred-fold, as 468 

determined by HPLC analyses [46,47]. bPAC has seen frequent use, for instance in the neurosciences 469 

to modulate synaptic plasticity [74,75]. Of more recent vintage, several cAMP-specific variants [76] 470 
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of the rhodopsin-based, photoactivated guanylyl cyclase RhoGC [77–79] were generated. When 471 

assessed in frog oocytes by enzyme-linked immunosorbent assays, these variants, denoted RhoAC, 472 

exhibited up to around hundred-fold higher maximal substrate turnover than bPAC (albeit, as 473 

measured by HPLC), low background activity, and stringent activation under green light by up to 474 

several hundred-fold and above [76]. Although DmPAC falls short of this high efficiency, it is capable 475 

of evoking robust and relevant increases in nucleotidyl cyclase activity upon photostimulation. Of 476 

key advantage, DmPAC possesses low basal activity and can be triggered by much longer 477 

wavelengths than either bPAC or RhoAC. The superior tissue penetration of longer wavelengths 478 

within the near-UV to NIR portion of the electromagnetic spectrum stands to bear for optogenetic 479 

applications in deep tissue, for example within the brain. In these scenarios, DmPAC may be the tool 480 

of choice for optogenetically eliciting cyclic-mononucleotide-dependent physiological responses. 481 

 482 

Materials and Methods 483 

Molecular Biology 484 

Bacteriophytochrome-regulated photoactivated adenylyl cyclases (BphP-PAC) were constructed in 485 

the pCDFDuet background (Novagen, Darmstadt, Germany) as previously for DdPAC [39]. The 486 

pCDFDuet vector comprises two expression cassettes under the control of T7-lacO promoters, with 487 

one cassette encoding the BphP-PAC in question with a C-terminal hexahistidine tag, and the other 488 

one heme oxygenase 1 from Synechocystis sp. [40,80]. The BphP-PAC design was guided by a 489 

multiple sequence alignment between the PCMs of the BphPs, PagC [38], and DdPAC [39] (Suppl. 490 

Fig. S1). The relevant PCMs derive from the BphPs of D. radiodurans (Dr, Uniprot identifier Q9RZA4), 491 

D. deserti (Dd, C1D3W9), D. maricopensis (Dm, E8U3T3), Deinobacterium chartae (Dc, A0A841HYA5), 492 

Deinococcus peraridilitoris (Dp, WP_157448871), Deinococcus sp. LM3 (Dl, OOV12932), 493 

Acaryochloris sp. CCMEE 5410 (As, WP_010479127), A. fabrum P1 (Agp1, Q7CY45), A. fabrum P2 494 

(Agp2, A9CI81), Agrobacterium vitis (Av, B9JR96), Azorhizobium caulinodans (Ac, A8HU76), 495 

Candidatus Gracilibacteria bacterium (Cg, NJK50749), Corallococcus coralloides (Cc, H8MLG4), 496 

Hymenobacter swuensis (Hs, W8F0E4), Idiomarina sp. A28L (Is, F7RW09), Janthinobacter sp. CG23_2 497 

(Js, CUI04487), Pleurocapsa sp. PCC 7319 (Pl, WP_019503487), P. aeruginosa (Pa, Q9HWR3), 498 

Pseudomonas syringae pv. aptata (Ps, KPZ04210), Stigmatella aurantiaca (Sa, Q097N3), and 499 

Xanthomonas campestris (Xc, A0A0H2XCS3). Likewise, cyclase sequences from Nostoc sp. PCC 7120 500 

CyaB1 (Q7A2D9) and Synechocystis sp. PCC 6803 CyaA1 (P73823) were aligned to PagC which 501 

comprises the cyclase domain of Synechocystis sp. PCC6803 Cya2 (P72951) (Suppl. Fig. S5). All 502 
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sequence alignments were done with ClustalX2 [81]. The relevant PCM gene fragments were 503 

amplified by PCR with BphP-phosphodiesterases [40] or codon-optimized synthetic genes (GeneArt) 504 

as templates. The amplified PCR products were introduced into the pCDFDuet vector by Gibson 505 

cloning [82]. Tongue exchanges within the PCMs were generated by Gibson cloning or by PCR 506 

amplification and blunt-end ligation. Exchanges of the cyclase domains were performed by Gibson 507 

cloning using synthetic genes with E. coli-adapted codon usage as templates for PCR amplification. 508 

All primers are listed in Suppl. Tables S1-S3. 509 

 For the variation of linker length and sequence in BphP-PACs, the PATCHY strategy was 510 

applied [63]. To this end, template constructs were first generated in which the linkers between the 511 

BphP PCM and cyclase moieties were extended by 20 amino acids by PCR amplification with the 512 

primers listed in Suppl. Table S4 and subsequent blunt-end ligation. An additional DNA stretch 513 

between the linker segments deriving from the PCM and the cyclase, respectively, encoded a SmaI 514 

restriction site and a frameshift. For the incremental probing of the linker, forward primers were 515 

devised that annealed to the cyclase part of the linker and were iteratively staggered by three 516 

nucleotides (Suppl. Table S4). Likewise, staggered reverse primers annealing to the PCM linker were 517 

designed. The template constructs were then amplified by PCR with a mixture of all forward and 518 

reverse primers. The linear amplification products were purified, phosphorylated at their 5’ termini 519 

by polynucleotide kinase, and ligated by T4 DNA ligase, followed by transformation into chemically 520 

competent E. coli XL1 Blue cells. The PATCHY libraries were screened for light-dependent cyclase 521 

activity within the pCyclR testbed described in the next section. The identity and sequence of all 522 

constructs were confirmed by DNA sequencing (Microsynth Seqlab, Göttingen). 523 

 524 

PHY Tongue Analysis 525 

A multiple sequence alignment (MSA) with 18,363 proteins comprising a PHY-specific domain (Pfam 526 

family PF00360 [41]) was downloaded from the InterPro database [83]. Using a custom Python script, 527 

the number of residues between and including two highly conserved residues bracketing the PHY 528 

tongue, residues W451 and W483 in DrBphP, was counted. Entries in the MSA that had gaps at 529 

either or both the sequence positions aligned with W451 and W483 were disregarded. A histogram 530 

of the PHY tongue lengths in the remaining 13,901 entries within the MSA was plotted with Fit-o-531 

mat [84]. 532 

 533 
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Reporter-Gene Assays 534 

The activity and light response of BphP-PAC variants were assessed with the pCyclR setup [39]. To 535 

this end, pCDFDuet plasmids encoding given variants were transformed into E. coli CmpX13 ΔcyaA 536 

cells harboring the pCyclR plasmid and a genomic knockout of the adenylyl cyclase CyaA. 537 

Transformed bacteria were plated on lysogeny broth (LB) agar supplemented with 50 µg mL-1 538 

kanamycin, 100 µg mL-1 streptomycin, and 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG), 539 

followed by incubation at 37°C for 20 h in darkness, under constant red light [(660 ± 8) nm, 40 µW 540 

cm-2], or under constant far-red light [(810 ± 15) nm, 240-2,000 µW cm-2]. All light intensities were 541 

determined with a model 842-PE power meter (Newport, Darmstadt, Germany) and a model 918D-542 

UV-OD3 silicon photodetector (Newport). The emission spectra of the light-emitting diodes used in 543 

this study were determined with a SEC2022 diode-array spectrophotometer (ALS Instruments, 544 

Tokyo). After incubation, a portion of the cells were resuspended in 210 µL H2O such that an optical 545 

density at 600 nm (OD600) of around 0.4 was reached, as determined using a Tecan Infinite M200pro 546 

multimode microplate reader (Tecan, Männedorf, Switzerland). The cell suspension was then 547 

diluted 20-fold in H2O, and fluorescence of the DsRed Express2 [85] reporter gene was measured 548 

with the Tecan M200pro instrument at an excitation wavelength of (540 ± 9) nm and an emission 549 

wavelength of (591 ± 20) nm. Fluorescence values were normalized by OD600 and represent mean ± 550 

s.d. of at least three biologically independent replicates. 551 

 552 

Protein Expression and Purification 553 

pCDFDuet plasmids encoding BphP-PACs were transformed into chemically competent E. coli 554 

LOBSTR cells [86]. A single bacterial clone was used to inoculate a 5-mL LB starter culture 555 

supplemented with 100 µg mL-1 streptomycin (LB/Strep). After overnight incubation at 37°C, 1 mL 556 

of the culture was added to 800 mL LB/Strep in a baffled Erlenmeyer flask. The bacteria were 557 

cultured at 37°C and 225 rpm shaking until the OD600 reached around 1.0, at which point the 558 

temperature was lowered to 16°C, and 1 mM IPTG and 0.5 mM δ-aminolevulinic acid were added. 559 

Following 48 h incubation at 16°C and 100 rpm, bacteria were harvested by centrifugation and lysed 560 

by ultrasound. Purification was conducted similar to before [39]. Briefly, the cleared lysate was 561 

purified by Co2+ immobilized metal ion affinity chromatography. His-tagged BphP-PAC protein was 562 

eluted by an imidazole gradient from 0 to 1 M, and individual fractions were analyzed for protein 563 

content and purity by denaturing polyacrylamide gel electrophoresis. Fractions were pooled, 564 

dialyzed against storage buffer [20 mM Tris/HCl pH 8.0, 20 mM NaCl, 10% (v/v) glycerol], and 565 
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concentrated by spin filtration. Protein concentration was determined by UV/vis absorbance on an 566 

Agilent 8453 diode-array spectrophotometer (Agilent Technologies, Waldbronn, Germany) using a 567 

molar extinction coefficient of 86,200 M-1 cm-1 at 701 nm. Samples were flash-frozen in liquid 568 

nitrogen and stored at -80°C. 569 

 570 

UV/vis Absorbance Spectroscopy 571 

Absorbance measurements were done at 22°C on an Agilent 8453 spectrophotometer equipped 572 

with a Peltier thermostat. Spectra were recorded on dark-adapted samples and after saturating 573 

illumination with red light (630 nm) and far-red light (780 nm), respectively. Recovery kinetics were 574 

measured at 22°C. Samples were illuminated with saturating red or far-red light, respectively, and 575 

the return to the dark-adapted state was monitored at a wavelength of 780 nm. Instrumental drift 576 

was corrected by baseline measurements. The kinetics were fitted to exponential functions using 577 

Fit-o-mat [84]. 578 

 The molar extinction coefficient of biliverdin within the DmPCM was determined by 579 

comparing the UV/vis absorbance spectrum of the native holoprotein to that of the denatured 580 

holoprotein in 6 M guanidinium chloride [87,88]. These calculations were based on a molar 581 

extinction coefficient at 388 nm of 39,900 M-1 cm-1 for biliverdin in the denatured state, according 582 

to [88] and as done previously [35]. Inspection of the native spectrum yielded the molar extinction 583 

coefficient at 701 nm used above. 584 

 To correlate the Pr↔Pfr photoconversion with the reporter-gene data from the pCyclR 585 

assay, DmPAC, PaPAC, and DmYt-PaPAC were also exposed to the same LEDs used in the pCyclR 586 

experiments. The resultant Pr:Pfr mixed-state spectra upon illumination with 660-nm or 810-nm 587 

light were evaluated according to Butler et al. [89]. 588 

 589 

High-Performance Liquid Chromatography 590 

To assess the catalytic activity of DmPAC, 10 µM of the enzyme was incubated at 30°C in 500 µL 591 

reaction buffer (50 mM HEPES/HCl pH 7.0, 150 mM NaCl, 50 mM MgCl2). The reaction was started 592 

by adding 500 µM ATP. In parallel reactions, the reaction mixture was either kept in darkness, 593 

incubated under red light (633 nm, 80 µW cm-2) [90], or exposed to far-red light (810 nm, 20 mW 594 

cm-2). After 60, 120, 180, and 240 minutes, the reactions were arrested by heat inactivation at 95°C 595 

for 5 min. The resultant denatured protein was removed by centrifugation (16,100 × g, 10 min), and 596 
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the supernatant was filtered through a 0.2-µm filter (Macherey-Nagel, Düren, Germany). The 597 

amount of cAMP produced was analyzed by reversed-phase high-performance liquid 598 

chromatography (Agilent Technologies 1200 series). The samples were applied to a C18 column 599 

equilibrated with 20 mM ammonium acetate pH 3.7, 1% (v/v) acetonitrile. The isocratic elution was 600 

followed by absorbance at 253 nm. Substrate (ATP) and product (cAMP) were assigned and 601 

quantified by comparison to ATP and cAMP standards. Area integration of elution peaks was 602 

conducted with the Waters 2489 software. The production of cAMP was evaluated as a function of 603 

time where each timepoint corresponds to the mean ± s.d. of three independent replicates. The 604 

turnover of DmPAC under the different illumination conditions was determined by fitting the 605 

reaction time courses to linear functions with Fit-o-mat. The experiment was repeated twice with 606 

similar outcome. 607 

 608 

Cyclase Activity Assays in Mammalian Cells 609 

Cyclase activity assays based on Ca2+ imaging in a fluorescence plate reader were performed as 610 

previously described [40,91,92]. To assess DmPAC activity, HEK-TM cells stably expressing the 611 

CNGA2-TM ion channel were seeded on a PLL (0.1 mg mL-1, Sigma Aldrich)-coated 96-well plate (F-612 

Bottom, CELLSTAR, Greiner) at 2 x 104 cells per well and incubated over night at 37°C and 5% CO2 in 613 

darkness. On the next day, the cells were transfected with Lipofectamine 3000 (Thermo Fisher 614 

Scientific) with pcDNA3.1-DmPAC-FLAG3x. The transfection medium was replaced after 5-6 h with 615 

full medium. The cells were incubated overnight at 37°C and 5% CO2 in darkness. All following steps 616 

were conducted under dim green light. The medium was removed, and cells were washed with 50 617 

µL pre-warmed ES (extracellular solution) buffer (120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 618 

10 mM glucose, 10 mM HEPES pH 7.4). Cells were loaded with 2 µM FluoForte-AM (Enzo Life 619 

Sciences, stocks in DMSO/Pluronic F-127 (Sigma-Aldrich)) and 3 mM probenecid (Invitrogen) in 50 620 

µl ES for 30 min at 37°C. Afterwards, the buffer was replaced with 90 µL ES containing 3 mM 621 

probenecid, and cells were incubated for 30 min at 37°C in a fluorescence plate-reader (FLUOstar 622 

omega, BMG Labtech). Fluorescence was measured at 37°C with a 544-nm excitation and a (570 ± 623 

10)-nm emission filter (filters BMG Labtech). For DmPAC activity measurements, cells were 624 

supplemented with 25 µM of IBMX (250 mM stock in DMSO, AppliChem) five minutes before start 625 

of the measurements. During activity measurements, the cells were stimulated with a 670-nm-light 626 

pulse (40 µW cm-2) for 1 s at 3 min and for 10 s at 21 min. At the end of the experiment, 2 µM 627 

ionomycin were added (1 mM stock in DMSO, Tocris), and fluorescence was recorded until 628 
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saturation of the signal amplitude. After the end of the recording, cell integrity and transfection rate 629 

were scrutinized by microscopy of the recorded wells. 630 

 For the experiments on DmPGC, the original DmPAC was cloned together with a C-terminal 631 

FLAG-tag into the pcDNA3.1 vector under control of the CMV promoter. Site-directed mutagenesis 632 

was used to introduce K488E mutation into the Cya2 domain [52] (see Suppl. Table S5 for primers). 633 

HEK293TN cells (System Biosciences, SBI) were cultured in DMEM+GlutaMAX medium 634 

(ThermoFisher Scientific) and seeded into white 96-well microplates (15,000 cells per well). After 24 635 

h, the cells were transfected with plasmids for DmPGC and the luciferase-based cGMP-biosensor 636 

plasmid pGloSensor-42F (Promega) according to the manufacturer’s protocol but using 637 

XtremeGENE 9 (Roche Diagnostics) as transfection reagent. Again 24 h later, the medium in all wells 638 

was replaced with 80 µL per well of CO2-independent Leibovitz’s L-15 medium (ThermoFisher 639 

Scientific). Plates were incubated for at least another 12 h at 37°C in an incubator completely 640 

protected from light. DMEM- and L-15 medium were both supplemented with 10% fetal bovine 641 

serum and penicillin/streptomycin. For the final experiment, the cells were transferred into a 642 

Mithras LB 940 plate reader (Berthold Technologies). Luciferase substrate was added via injectors 643 

to each well (final volume of 90 µL per well with 0.6 mg mL-1 sodium D-Luciferin). The reader was 644 

set to 29°C, and luminescence was recorded with an integration time of 0.2 s per well. After 30 min 645 

of incubation, the plate was briefly removed from the reader and exposed to red-light LEDs (633 nm) 646 

for 15 s, while dark controls were covered. Luminescence was further measured for 90 min, and 647 

then sodium nitroprusside was added by injection as a light-independent positive control to a final 648 

concentration of 25 µM. 649 
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Figures 933 

Figure 1 934 

 935 

Engineering and characterization of photoactivated adenylyl cyclases (PAC). (a) Schematic of 936 

the pCyclR reporter-gene assay [39]. E. coli ΔcyaA cells are transformed with a plasmid 937 

encoding heme oxygenase and the PAC of interest. Once induced by IPTG and functionally 938 

expressed in situ, the PAC mediates the intracellular production of 3’, 5’-cyclic adenosine 939 

monophosphate (cAMP). In turn, cAMP binds to the catabolite activator protein (CAP), 940 

thereby allowing it to activate the expression of the red-fluorescent reporter DsRed. (b) pCyclR 941 

reporter results for PAC variants comprising one of 21 different BphP PCMs coupled to the 942 

cyclase effector module from Synechocystis sp. PCC 6803 Cya2. Species abbreviations are A. 943 

caulinodans (Ac), Acaryochloris sp. CCMEE 5410 (As), A. fabrum P1 (Agp1), A. fabrum P2 (Agp2), 944 

A. vitis (Av), Candidatus Gracilibacteria bacterium (Cg), C. coralloides (Cc), D. radiodurans (Dr), 945 

D. deserti (Dd), D. maricopensis (Dm), D. chartae (Dc), D. peraridilitoris (Dp), Deinococcus sp. 946 

LM3 (Dl), H. swuensis (Hs), Idiomarina sp. A28L (Is), Janthinobacter sp. CG23_2 (Js), 947 

Pleurocapsa sp. PCC 7319 (Pl), P. aeruginosa (Pa), P. syringae (Ps), S. aurantiaca (Sa), and X. 948 

campestris (Xc). Note that PaaC is based on the PCM from D. radiodurans [38]. Bacterial 949 

cultures were grown in darkness (black bars), under constant red light (red bars, 40 µW cm-2, 950 

660 nm), or under constant far-red light (brown bars, 240 µW cm-2, 810 nm). Based on their 951 

activity and light responses, the PAC variants were assigned to one of three categories (see 952 

main text). DsRed fluorescence readings were normalized by the optical density of the 953 
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bacterial cultures at 600 nm. Data represent mean ± s.d. of three biologically independent 954 

samples, shown as white dots. (c) Absorbance spectra of the DmPCM in its dark-adapted state 955 

(black) and after exposure to red light (red). The filled curves show the emission spectra of the 956 

red and far-red LEDs used throughout the study for driving Pr↔Pfr photoconversion.  957 
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Figure 2 958 

 959 

Properties of the PHY tongue. (a) Interaction of the biliverdin (BV) chromophore with the PHY 960 

tongue in the Pr state of D. radiodurans BphP (PDB identifier 4q0j, [93]). The BV cofactor 961 

adopts the 15Z conformation, and the PHY tongue folds into a β hairpin. The conserved PRXSF 962 

motif is highlighted in blue, and two conserved aromatic residues flanking the tongue are 963 

shown in pink. (b) As in panel (a) but showing the Pfr state (5c5k, [57]) with BV in the 15E 964 

configuration and the tongue adopting α-helical conformation. (c) The PHY tongue was 965 

analyzed in around 13,900 PHY-containing proteins. The plot shows the frequency distribution 966 

of the tongue lengths across these proteins. D. radiodurans BphP is among the proteins with 967 

the shortest tongue (indicated by arrow). (d) Multiple sequence alignment of the PHY tongues 968 

of the 21 BphP PCMs analyzed in this study. For species abbreviations, see Fig. 1; Uniprot 969 

identifiers are listed after the underscore character. The circles above the alignment denote 970 

the secondary structure as observed in the crystal structure of PagC (PDB 6fht) [38], with α-971 

helices in tan, β-strands in blue, and unstructured regions in white. The conserved PRXSF motif 972 

within the PHY tongue and the most C-terminal PCM residue included in the PACs are 973 

highlighted by wide open arrows and blue shading. Two aromatic residues, highlighted by thin 974 

black arrows and red shading, denote the residue positions between which the length of the 975 

PHY tongue was evaluated. For a multiple alignment of the entire PCMs, see Suppl. Fig. S1.  976 
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Figure 3 977 

 978 

Influence of tongue exchanges on PAC activity and light repsonse. pCyclR reporter 979 

fluorescence was determined for PAC variants cultivated in darkness (black bars), under 980 

constant red light (red bars, 40 µW cm-2, 660 nm), or under constant far-red light (brown bars, 981 

240 µW cm-2, 810 nm). All fluorescence values are normalized to the optical density of the 982 

underlying bacterial cultures and represent mean ± s.d. of three biologically independent 983 

samples. (a) DmYt-PaaC denotes the exchange of the PHY tongue for that from DmPCM; DrYt-984 

DmPAC designates the converse introduction of the tongue from DrPCM into DmPAC. PaaC-985 

DP and PaaC-GTAR refer to residue insertions within the PHY tongue of PaaC. (b) 986 

Corresponding tongue exchanges between DmPAC and Agp2PAC. The right panel shows the 987 

response to illumination with 810-nm light at intensities of 240, 500, 1,000, 1,500, and 2,000 988 

µW cm-2 (from left to right). (c) Tongue exchanges between DmPAC and HsPAC. (d) Tongue 989 

exchanges between DmPAC and PaPAC.  990 
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Figure 4 991 

 992 

Absorbance-spectroscopic analyses of PACs. (a) Absorbance spectra of DmPAC in its dark-993 

adapted state (black) and after saturating illumination with 630-nm light (red). (b) Dark 994 

recovery of DmPAC after prior red-light activation. (c) Absorbance spectra of PaPAC in the 995 

dark-adapted state and after exposure to 780-nm light (brown, dotted). (d) Dark recovery of 996 

PaPAC after prior far-red-light activation. (e) Absorbance spectra of dark-adapted DmYt-997 

PaPAC and upon illumination with 630-nm light. (f) Dark recovery of DmYt-PaPAC after prior 998 

red-light activation.  999 
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Figure 5 1000 

 1001 

Specific enzymatic activity of DmPAC. (a) DmPAC was incubated at 30°C with an excess of 1002 

substrate ATP in darkness (black symbols and lines), under constant red light (633 nm, 80 µW 1003 

cm-2), or under constant far-red light (810 nm, 20 mW cm-2). Aliquots were taken at indicated 1004 

times, inactivated by heat denaturation, and analyzed by reversed-phase high-performance 1005 

liquid chromatography on a C18 column. Data points represent mean ± s.d. of three replicates. 1006 

The reaction time course was fitted to a straight line to derive initial reaction velocities. (b) 1007 

The catalytic turnover of DmPAC in darkness, under red light, or under far-red light.  1008 
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Figure 6 1009 

 1010 

Optogenetic application of DmPAC and its cGMP-specific variant DmPGC in mammalian cells. 1011 

(a) HEK-TM cells stably expressing the CNGA2-TM ion channel were transfected with a DmPAC 1012 

expression construct (red symbols). After loading with the Ca2+-sensitive dye FluoForte-AM, 1013 

the cells were incubated at 37°C, and fluorescence was monitored over time. At the indicated 1014 

times (dashed lines), the cells were exposed to 40 µW cm-2 670-nm light. Ionomycin was added 1015 

at the end of the experiment to allow data normalization (arrow). The grey symbols denote 1016 

non-transfected control cells. Data represent mean ± s.e.m. of two independent 1017 

measurements with quadruplicate samples. (b) The cGMP-specific photoactivated cyclase 1018 

DmPGC was co-transfected into HEK293TN cells alongside a cGMP-sensitive luciferase. Upon 1019 

incubation in darkness at 37°C, the cells were either exposed to 633-nm light for 15 s (red 1020 

symbols) or left in darkness (black symbols). For normalization purposes, sodium nitroprusside 1021 

was added at the end of the experiment (arrow). Data represent mean ± s.d. of 4 independent 1022 

measurements.  1023 
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Figure 7 1024 

 1025 

Novel PAC variants through exchanges of the cyclase effector module. (a) Variant PACs were 1026 

generated by coupling the DmPCM to the cyclase entities from Nostoc sp. PCC 7120 CyaB1 1027 

and Synechocystis sp. PCC 6803 CyaA1. Using PATCHY [63], linker modifications of these PACs 1028 

were generated and screened for light-regulated activity. Representative variants exhibiting 1029 

light reponses are shown and denoted as DmCB1, DmCB2, and DmCA1. The activity and 1030 

response to light of the PACs were tested within the pCyclR setup in bacterial cultures 1031 

incubated in darkness (black bars), red light (red bars, 660 nm, 40 µW cm-2), or under far-red 1032 

light (810 nm) at intensities of 240 µW cm-2 (brown) and 2 mW cm-2 (dark brown). 1033 

Fluorescence readings are normalized to the optical density of the bacterial cultures and are 1034 

reported as mean ± s.d. of three biologically independent samples. (b) Composition of the PAC 1035 

variants from panel (a). The sequence of the DmPCM is shown in black, and those of CyaB1 1036 

and CyaA1 in blue and green, respectively. Based on the parental construct, the PATCHY start 1037 

construct was generated by extending the linkers of the PCM and cyclase by ten residues each. 1038 

In between the linkers, a frameshift, denoted by an asterisk, was inserted. Within the PATCHY 1039 

scheme, the linkers could be extended or shortened on each side by 10 residues (underlined) 1040 

relative to the start construct. The sequences of the PAC variants from panel (a) are indicated 1041 

as well. 1042 


